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We focus here upon regulation by the notochord of myocardial cell fate in zebrafish. Myocardial precursors, defined by
lineage tracing in the living embryo, are in the lateral plate mesoderm adjacent to the notochord-prechordal plate junction.
Interestingly, the anterior end of the notochord corresponds to the posterior extent of the heart progenitor field, defined by
this lineage analysis. This suggested that the notochord might suppress, or the prechordal plate might enhance, the
cardiogenic fate. Nkx2.5 expression is, in the zebrafish embryo, closely correlated with the position of myocardial
precursors, which reside adjacent to the notochord–prechordal plate junction. This expression, however, is extinguished in
the region posterior to this junction, a region normally not contributing cells to the heart. Laser ablation of the notochord
tip between the 4-somite and 12-somite stage causes posterior expansion of the Nkx2.5-expressing region. The ntl mutation
of the notochord is associated with posterior extension of Nkx2.5 expression. Lineage tracking, by laser activation of caged
fluoresceinated dextran, confirms that, normally, lateral plate cells next to the notochord do not contribute progeny to the
heart. After anterior notochord ablation, these cells are redirected to a heart cell fate. These data suggest that the anterior
notochord delimits the posterior extent of the heart field by suppressing the heart cell fate. © 1998 Academic Press
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INTRODUCTION
We focus here upon establishment of borders of organ
fields, specifically those of the heart in lateral plate meso-
derm. The heart field abuts fields for other tissues, such as
head mesoderm, foregut, and vasculature. No evident
physical boundaries exist between the heart field and those
of other organs. In fact, these borders are not immutable.
The ability of organ fields to “regulate” in response to
removal or rearrangement of the entire region of normal
progenitors, and still to generate a normal embryo, suggests
that there are ongoing interactions between cells within
and without the field (Jacobson and Sater, 1988; Inagaki et
al., 1993). Heart form and size must be adjusted to that of
the embryo, a process accurate over 2000-fold differences in
animal size (Holt et al., 1968), and presumably that corre-
lation begins by adjustment of cell numbers within the
field. How such regulative information is transferred to the
heart field is not known.
Several tissues appear to influence the heart field (Fish-
man and Chien, 1997). The cells destined to form heart
migrate over pharyngeal endoderm, and its removal from
urodele (Jacobson and Duncan, 1968) and Xenopus (Nas-
cone and Mercola, 1995) prevents heart formation. Ex-
planted lateral plate mesoderm is supported in differentia-
tion toward myocardial cells by endoderm in frog (Sater and
Jacobson, 1990a) and chick (Gannon and Bader, 1995), by
the Organizer in frog (Sater and Jacobson, 1990b), and
suppressed by coculture with neurectoderm (Climent et al.,
1995).
One clear anatomical landmark in the vicinity of the
heart field is the junction of the posterior prechordal plate
with anterior notochord. The notochord is known to be
required for patterning of multiple adjacent tissues, includ-
ing neural tube (Placzek et al., 1993), paraxial mesoderm
(Koseki et al., 1993; Pourquie et al., 1993), aorta (Fouquet et
al., 1997), and pancreas (Kim et al., 1997). In addition, the
anterior notochord may direct left–right asymmetry of the
heart (Danos and Yost, 1995). Using laser-mediated cellular
ablation and mutant analysis, here we show that the
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anterior end of the notochord has an inhibitory effect on the
precardiac field, serving to delimit the posterior extent of
expression of Nkx2.5, a transcription factor which serves as
the earliest marker of presumptive myocardial cell fate
(Harvey, 1996). Using lineage tracking, we show that this
region of notochord directs the choice between heart and
alternative cell fates.
MATERIALS AND METHODS
Zebrafish maintenance. Zebrafish embryos were raised as de-
scribed by Westerfield (1995). Mutant lines examined include no
tail (ntlc31b), floating head (flhn1), sleepy (slyti263a), and grumpy
(guptg210).
Cell lineage. Zebrafish embryos were injected at the 1- to 2-cell
stage with a 1% solution of DMNB-caged fluorescein dextran
(Molecular Probes) as previously described (Serbedzija et al., 1998).
At the 14-somite stage, the fluorescein dye was uncaged in a short
transverse stripe in the lateral plate mesoderm by focused applica-
tion of 10 pulses of 362-nm laser light. For “ablation-activation”
experiments the anterior notochord was ablated in 8-somite-stage
embryos, followed by dye activation at the 14-somite stage. Dye
activation was confirmed visually under an epifluorescence micro-
scope and those embryos with proper cell labeling were allowed to
develop. At the prim-5 stage, embryos were anesthetized with
tricaine and again examined under epifluorescence to determine
whether any fluorescein-labeled cells were present in the heart.
In situ hybridization. Whole mount in situ hybridization was
performed as previously described (Chen and Fishman, 1996) using
digoxigenin-labeled antisense RNA probes for Nkx2.5 (Chen and
Fishman, 1996), BMP4 (Chen et al., 1997), pax-b (Krauss et al.,
1991), and a-tropomyosin (Ohara et al., 1989).
Laser ablation. Ablation of the notochord and prechordal plate
were performed using multiple pulses of 452-nm light generated by
a tunable nitrogen-pulsed dye laser (Laser Science, Inc.) and focused
through the 403 objective of a compound microscope. Anterior
notochord ablation extended from the notochord junction with the
prechordal plate to half the distance to the first somite and other
ablations were directed as indicated. Tissue injury was confirmed
visually immediately following ablation, and cell death was veri-
fied in a subset of embryos by staining with the supravital dye,
To-pro-1. Following ablation, embryos were allowed to develop at
28°C until the desired stage, then fixed in 4% formaldehyde, and
stored at 220°C in 100% methanol prior to performing in situ
hybridization. Histologic examination of the effectiveness and
specificity of tissue injury was performed by sectioning JB-4
(Polysciences)-embedded embryos.
RESULTS
Spatiotemporal relationship between notochord and
Nx2.5 domain. The zebrafish homolog of the Drosophila
tinman gene, Nkx2.5, is expressed in paired longitudinal
stripes in the precardiac mesoderm beginning at the
5-somite stage. As these cells migrate medially, they fuse in
the midline, just anterior to the notochord, to form a ring of
cells at the 20-somite stage (Fig. 1). During that medial
migration, Nkx2.5 expression is downregulated in cells
lateral to the notochord while being maintained anteriorly.
Unlike the anterior half, the posterior half of the Nkx2.5-
expressing region does not contribute to the heart (Ser-
bedzija et al., 1998). The spatial relationship between the
anterior notochord and the Nkx2.5-expressing cells and
their lineage suggested the possibility that the notochord
may regulate cardiac gene expression.
Anterior notochord suppresses Nkx2.5 expression. To
test the hypothesis that the notochord negatively regulates
Nkx2.5 expression, we used laser microablation to selectively
ablate anterior notochord tissue at various developmental
stages. As shown in Fig, 2, the laser can effectively and
specifically injure the notochord without evident damage to
the overlying neural tube or adjacent paraxial mesoderm.
We find that ablation of the anterior extent of the
notochord results in a transient posterior expansion of the
Nkx2.5 domain, evident at the 20-somite stage (Fig. 3), a
time when Nkx2.5 expression normally does not extend
posterior to the prechordal plate– notochord junction. This
effect is limited to ablations performed on 4- to 12-somite-
FIG. 1. Relationship of Nkx2.5 expression and the anterior noto-
chord. Whole mount in situ hybridization was performed on
embryos fixed at the stages shown, and labeled with antisense
probes for Nkx2.5 and ntl. Bilateral expression of Nkx2.5 is evident
at the 6-somite stage. At the 14-somite stage the Nkx2.5 domain is
more medially positioned (black arrow), and expression in its
posterior extent (white arrow), that portion lateral to anterior
notochord, is diminishing. At 18-somite stage, the caudal ends of
the bilateral tubes begin to fuse just anterior to the notochord tip.
Fusion is complete by the 22-somite stage, appearing as a ring
anterior to the notochord.
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stage embryos (Table 1). Ablations of midline prechordal
plate tissue do not alter Nkx2.5 expression (Table 1). The
effect of notochord ablation on expression of BMP4 and
a-tropomyosin was also examined. BMP4, first expressed in
cardiogenic mesoderm at the 12-somite stage, is present in
a domain similar to that of Nkx2.5 until 22 somites, at
which time BMP4 becomes more pronounced on the left
side of the precardiac “ring” (Chen et al., 1997). Expression
of a-tropomyosin is first apparent in precardiac cells at the
20-somite stage. The normal expression patterns of both
genes at the 20-somite stage were unperturbed following
notochord ablation (data not shown). These results confirm
that the change in Nkx2.5 expression is not a nonspecific
injury-related phenomenon. Rather, it suggests that the
anterior end of the notochord normally serves to specifi-
cally suppress Nkx2.5 (and perhaps other genes), delimiting
its posterior-most extent, but does not regulate all differen-
tiation markers. Gross morphology and contractile function
of the heart at 24 and 48 hpf were unaffected by ablation.
Similarly, the normal left jog and right loop of the heart
tube were unperturbed (data not shown).
Nkx2.5 expression in notochord mutants. If anterior
notochord does regulate Nkx2.5 expression in adjacent
tissue, we would predict that genetic perturbation of noto-
chord development would expand the Nkx2.5 domain pos-
teriorly. ntl embryos, which lack a normal notochord (but
have notochord precursors), have a marked posterior expan-
sion of Nkx2.5 expression at the 20-somite stage (n 5 63;
Fig. 4), similar to that seen in laser-ablated embryos. The
BMP4 expression region is not expanded. Because the noto-
chord disruption in mutants could distort local anatomy,
we confirmed that the Nkx2.5 expressing region was truly
extended by use of an internal “metric,” the distance
between repetitive stripes of pax-b (Fig. 4). The pax-b
pattern itself is not affected by the ntl mutation. As shown,
the Nkx2.5-expressing domain is extended posteriorly
when compared to pax-b. Embryos homozygous for the sly
(n 5 8) and gup (n 5 8) mutations also have abnormal
notochords, but ones less severely perturbed than ntl. In
these, Nkx2.5 expression is normal. Interestingly, the
Nkx2.5 pattern also appears normal in flh mutants (n 5 23),
in which notochord does not develop. One explanation for
this is that the flh mutation causes less perturbation of
notochord anteriorly. Melby et al. (1997) have shown that
flh mutants maintain expression of flh and ntl RNA in the
FIG. 3. Posterior expansion of Nkx2.5 expression follows anterior
notochord ablation. (A) Wild-type embryo at the 20-somite stage
demonstrating normal pattern of Nkx2.5 expression (region of
interest is magnified in the right panel). (B) Nkx2.5 expression in a
20-somite stage embryo whose anterior notochord had been ablated
at the 8-somite stage, demonstrating posterior expansion of Nkx2.5
expression (white arrow; magnified view shown in right panel).
FIG. 2. Laser ablation of anterior notochord. Dorsal view of a
wild-type embryo at the 12-somite stage showing a normal anterior
notochord before (A) and 10 min after (B) laser ablation (arrow
denotes tip of notochord, black line marks first somite for refer-
ence). C and D demonstrate histologically the notochord (nt) before
and after ablation, respectively.
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region of the anterior notochord, while posterior expression
has downregulated. Additionally, floor plate cells are nor-
mally induced in the anterior neural tube of flh mutants
(Talbot et al., 1995).
Notochord directs cell fate in the precardiac mesoderm.
Does the notochord actually determine heart cell fate? To
examine this issue we lineage-labeled cells in the lateral
plate by focal activation of a caged fluorescein dye
coupled to dextran. As illustrated in Fig. 5A, progeny of
cells in the lateral plate and anterior to the notochord tip
normally contribute to the heart (34 of 36 embryos had
labeled cells in the heart). Lateral plate cells posterolat-
eral to the tip of the notochord normally do not (Fig. 5B;
8 of 38 embryos with labeled cells in heart). Rather,
progeny of such cells are found near the otic vesicle. After
ablation of anterior notochord at the 8-somite stage, that
posterolateral region contributes to the heart (Fig. 5C; 15
of 20 embryos). Thus, notochord ablation causes cells
normally fated for periotic vesicle mesenchyme to be-
come heart as well.
DISCUSSION
Our observations suggest that the posterior border of the
heart field is established by suppressive influences from
anterior notochord. Despite the fact that notochord regen-
erates after ablation, its removal between the 4-somite and
12-somite stage causes posterior extension of Nkx2.5 ex-
pression, and directs adjacent cells to a new cardiac fate.
Because the notochord–prechordal plate junction is quite
precise, it could serve to provide a landmark which demar-
cates different fields and to adjust posterior heart field
border to axial growth of the embryo.
TABLE 1
Notochord Ablation Causes Posterior Extension
of Nkx2.5 Expression
Stage at ablation (somites)
1–3 4–6 7–9 10–12 .12
Anterior notochord ablation
No. of embryos ablated 10 39 27 11 14
% with expanded Nkx2.5 0 54 44 9 0
Prechordal plate ablation
No. of embryos ablated 9 16 12 13 16
% with expanded Nkx2.5 0 0 0 0 0
FIG. 4. Nkx2.5 expression in ntl mutant embryos. Nkx2.5 expres-
sion is shown in wild-type (wt) embryos at the 17-, 18-, and
21-somite stages. pax-b expression at the midbrain–hindbrain
junction anteriorly and the otic vesicle posteriorly serves as a
marker of anterior–posterior distance for comparison. Marked
posterior extension of Nkx2.5 gene expression is evident in ntl
embryos at the 21-somite stage (lower-right panel) when compared
to normal embryos (lower-left panel).
FIG. 5. Notochord ablation redirects cardiac cell fate. The left
panel schematics show the site of dye activation relative to the
Nkx2.5-expressing zone and the notochord in a 14-somite stage
embryo. The middle panels show the location of activated dye as
fluorescence images (the white arrow denotes tip of notochord).
The right panels show the heart region at prim-5 stage. (A)
Normally, cells anterior to the notochord generate progeny in the
heart (right panel). (B) Lateral mesoderm cells more posteriorly,
next to the notochord, do not normally contribute progeny to the
heart. (C) After notochord ablation, cells in the same posterior
region as in B now contribute progeny to the heart.
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One other speculated cardiac suppressive influence is
from the neural plate, although there is some controversy
about this. Endoderm dependence is abrogated in the newt
by simultaneous neural plate removal (Jacobson and Dun-
can, 1968). In culture, neural cell aggregates reduce cardiac
differentiation (Climent et al., 1995). However, in neither
Xenopus nor axolotl does removal of neural plate affect
cardiac differentiation (Sater and Jacobson, 1990a; Smith
and Armstrong, 1991). These discrepancies could be ac-
counted for by species or temporal differences, or redundant
functions in vivo.
Other evidence has been presented which is compatible
with our suggestion that notochord suppresses cardiac cell
fate, although not specifically focused on this tissue. For
example, combination somite/notochord removal reduces
the endoderm dependence of heart formation in urodeles
(Fautrez and Amano, 1961), and combination neural plate/
notochord addition to chick anteromedial mesendoderm
explants reduces BMP2-induced cardiac differentiation (al-
though not Nkx2.5 expression) (Schultheiss et al., 1997). In
addition, as shown in Fig. 6, the source of “regulating” cells,
which contribute to the heart after ablation of normal
progenitors (Serbedzija et al., 1998), is limited to a compart-
ment anterior to the prechordal plate–notochord junction.
The normal transient expression of Nkx2.5 that occurs
posterior to this junction is not sufficient to render these
cells capable of assuming the cardiac fate in the presence of
the notochord. The target genes of suppression by noto-
chord certainly could include Nkx2.5, which is capable of
driving some, but not all, components of cardiac differen-
tiation (Chen and Schwartz, 1995), but may involve others
as well if it directs the full complement of myocardial gene
expression.
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